The paper describes the study of three methods of evaluation of the small signal gain coefficient and the dissipative losses of three-level microchip lasers. Engaging optimization procedure for cw lasers a very simple way to compare these methods was proposed. On the basis of laser generation investigations and calculations the most accurate method was chosen.
Introduction
For applications where the beam quality, small size and simplicity play significant role microchip lasers are one of the most desirable types of lasers [1] [2] [3] [4] [5] [6] [7] . Very important step to develop a microchip laser characterized by high efficiency is its optimization. In case of actively q-switched or cw lasers the optimization consist in evaluation of the output coupler reflection which maximizes the output power for given gain medium and pump intensity. In case of passively q-switched lasers the optimization consist in evaluation of the output coupler reflection and the small signal transmission of the saturable absorber that maximize the pulse energy, peak power or pulsewidth for the given gain medium, saturable absorber and pump intensity. The crucial input parameters for optimization procedure are the initial gain coefficient and the dissipative losses experimentally evaluated for the given resonator [8] [9] [10] [11] . In case of four-level laser this task is relatively simple because of the linear relation between ln(R) (R-reflectivity of the output mirror) and the pump power at the threshold [12, 13] . However in case of three-level laser the situation becomes much more complicated, especially for microchip lasers. In the literature one can find three different methods to calculate these parameters for such lasers [11] [12] [13] , but there is no information which of them is the most accurate. The aim of this article is to fulfil this shortage in the literature. On the basis of experimental investigation the authors present the comparative analysis of these methods showing which one is the most accurate and should be applied to evaluation of the small signal gain coefficient and the dissipative losses of three-level microchip lasers. The result of this article may be of special interest to microchip laser designers.
Methods
The most common method to determine the small signal gain coefficient k i and the dissipative losses L of three-level microchip lasers consist in evaluation of the pump power at the threshold P th for different reflections of the output couplers R and approximation of these data points by the following equation [12, 13] :
where a 0 is the absorption coefficient and l is the length of the gain medium.
The parameter K is expressed by the equation K = g/Va 0 I s , where g = g p g t g a g Q g S g B , I S = hm L /rs f , and V is the volume of the gain medium, g p is the pump source efficiency, g t is the radiation transfer efficiency, g a is the absorption efficiency, g Q is the quantum efficiency, g S is the quantum defect efficiency (Stokes factor), g B is the beam overlap efficiency, h is the Planck's constant, m L is the laser frequency, r is the emission cross section of the gain medium, s f is the relaxation time of the active medium.
Evaluating pump power at the threshold for different reflections of the output couplers and approximating these data points by Eq.
(1), knowing a 0 and l, one can calculate L and K.
The relation between the small signal gain coefficient k i and the pump power P p is expressed as [11] 
In case of microchip lasers, the approximation of the data points by Eq. (1) may require special software procedures in order to calculate L and K correctly. It is caused by the fact that the reflection coefficients of the output couplers, enabling to achieve laser generation, differ from each other only by few percent. This in turn, results in the situation where the data points are too close to each other and encompass small part of the approximation curve. Moreover this method requires achieving laser generation for several output couplers.
Evaluation of L and K can be also done using the second method, which does not require determining the pump power at the threshold for different reflections of the output couplers. In this case the determination of the pump power at the threshold and the slop efficiency of the laser for only one output coupler is sufficient. This method consist in solving the following coupled equations [12] 
where L N = (L À ln R)/2a 0 l and r S is the slop efficiency, P F is the total fluorescence power at the inversion described as P F = Vhv L n tot /2s f where n tot is the total concentration of the active ions in the medium. This method seems to be simpler then the first one because it does not require conducting many experiments, however, the exact volume of the gain medium has to be known. Even though one can calculate the shape of the pumping beam inside the active medium it is still not easy to calculate the shape of the gaining part that participates in the generation process.
The third method proposed in [11] , combines the first and the second methods. In this case, one should determine generation characteristics for at least two different reflections of the output couplers and evaluate L, K and P F by solving coupled Eqs. (3) and (4). In the third method the evaluation of L and K should be done as follows: (1) using (3), for two slop efficiencies determined for two reflections of the output couplers, the value of L should be calculated (eliminating KP F ); (2) using (4), for evaluated L, the value of K should be determined. The procedure should be repeated for each combination of two output couplers chosen from the couplers for which the generation was achieved. Finally the results should be averaged.
Experimental
For laser generation experiments four different types of glasses doped with ytterbium and erbium ions were used as the gain medium. One of them was Concentrated glass with concentration of ytterbium ions as high as 4.2 Á 10 21 cm À3 [14] . The second type of glass was EAT14 glass with concentration of ytterbium ions equal to 2.0 Á 10 21 cm À3 [15] . The third and fourth types of glasses were PAL77 and PAL80 with concentration of ytterbium ions equal to 1.73 Á 10 21 cm À3 and 1.72 Á 10 21 cm À3 , respectively. The glasses PAL77 and PAL80 as well as EAT14 and Concentrated are typical phosphate glasses.
The glass samples used in the laser experiments were flat and parallel round plates of diameter equal to 8 mm. The length l, the concentration of dopants of erbium N Er and ytterbium N Yb and the small signal absorption coefficient a 0 at 975 nm wavelength for all samples are presented in Table 1 .
To achieve efficient laser generation appropriate coatings were deposited on the samples. As shown in Fig. 1 , dichroic input mirror with high transmission (HT) at 975 nm and high reflection (HR) at 1535 nm wavelength was deposited on the front face of the samples. The other side of the samples was coated with antireflection layers (AR) at 1535 nm wavelength.
Generation investigations were carried out for four different reflections of the output plain-parallel couplers R (98.70%, 98.15%, 97.64%, and 96.49%). The length of the resonator was equal to 5 mm. To pump the samples a fiber coupled laser diode was used that operated at 975 nm wavelength at room temperature (25°C). To avoid the damage of the glass by heat a quasi cw regime with period equal to 20 ms and duty-cycle of 50% was applied. The experimental setup is presented in Fig. 2 .
Results and calculations
The laser generation for all samples and all output couplers was achieved. The generated output power versus pump power was examined. On the basis of these characteristics the pump power at threshold P th and the slop efficiency r S were calculated. The exemplary generation characteristics representing the average output power versus the average pump power along with the straight line approximation for PAL77-1 sample are shown in Fig. 3 . The pump power at threshold P th and the slop efficiency r S for all samples and all output couplers are presented in Table 2 . On the basis of these results the small signal gain coefficient k i and the dissipative losses L were calculated using methods presented in Section 2. In case of the first method the data points in the form of Àln R versus the pump power at threshold P th for different reflections of the output couplers were approximated by the Eq. (1) giving K and L. To do this a special software was developed in MATLAB. The values of a 0 and l that were used for the calculations are presented in Table 1 .
For the second method the Eqs. (3) and (4) were used. For each reflection of the output coupler R the parameters K and L were calculated and then averaged giving K av and L av . The values of the parameters a 0 , l and n tot used for calculations are presented in Table 1 , where n tot = N Er . The value of s f was assumed to be equal to 9 ms [14, 15] while the value of m L was equal to 1535 nm. The volume of the gain medium V was calculated as V ¼ lpD 2 p =4, where D p is the diameter of the pump beam in the gain medium that was equal to 100 lm.
In the third method of evaluation of K and L the following procedure was adopted: (1) using Eq. (3), for two slop efficiencies determined for two different reflections of the output couplers, the value of L was calculated (eliminating KP F ); (2) using Eq. (4), for evaluated L, the value of K was determined. The procedure was repeated for all combinations of the output couplers. It means that for four output couplers there were six combinations and six results of calculations. Finally the results were averaged giving K av and L av . The values of a 0 and l that were used for the calculations are presented in Table 1 .
The parameters K, K av , L and L av calculated in this way are shown in Table 2 .
To validate the methods optimization procedure (calculation of the optimal reflection of the output coupler) for cw generation was carried out. The optimal reflection of the output coupler can be determined for a defined pump power [13] . Thus for all three methods the small signal gain coefficient k ipp at the pump power P p equal to 250 mW was calculated using Eq. (2). The value of P p was chosen to be in the middle of the range of the pump power used in the experiments. The parameters k ipp and L (first method) and L av (second and third method) were input data for optimization procedure to determine the optimal reflection of the output coupler R opt at the defined pump power 250 mW. The calculations were carried out using the equation
, where L o = L for the first method and L o = L av for the second and third method. The calculated values of R opt are presented in Table 2 . In case of the second method almost all values of R opt were complex numbers which were designated as cn.
Discussion
Looking at Table 2 one can see that some of the calculated parameters are not physical. It is in case of k ipp , L and L av when their values are negative. Also values of L and L av which are higher than 1 should not be considered as they are also not physical (laser generation is such case would not be possible). It means that the calculations that use them are not appropriate and are not reliable even though they seem to be in good accordance with what one can expect (transmission of the output coupler equal to several %). Thus in case of the first method we received expected values of R opt but we cannot rely on them because they were calculated using unphysical values of k ipp and L. For the second method L av is also unphysical (it is negative) so we again cannot rely on the values of R opt . In this case the values of R opt are complex numbers. The only physical values of k ipp and L av are for the third method, thus it is the only method that gives reliable values of R opt . These values can also be treated as accurate and appropriately calculated. The variations of L av and k ipp for the same type of glass may be caused by the measurement or calculation uncertainty or by the minor inhomogeneities of the glass, however the differences are very small.
To find the answer to the question whether the third method is accurate enough to be applied to three-level microchip lasers one can compere optimal reflection of the output coupler R opt with the reflection of the output coupler for which the generated output power at the defined pump power 250 mW was maximum R mp (R mp is also presented in Table 2 ). The difference between R opt and R mp for all samples is below 4% which shows that the accuracy of this method is very high and it can be applied to three-level microchip lasers.
Conclusions
The article presents the study of three methods of evaluation of the small signal gain coefficient and the dissipative losses of threelevel microchip lasers. On the basis of generation characteristics for different reflections of the output couplers the initial gain coefficient and the dissipative losses for a given resonator were calculated. Applying optimization procedure for cw lasers which determines the optimal value of reflection of the output coupler at a defined pump power a very simple way to compare these methods was shown. The first and the second methods are not appropriate because of unphysical values of some of the calculated parameters while the third method seems to be reliable. By compering calculated optimal reflection of the output coupler at the defined pump power with the reflection for which the generated output power at the defined pump power was maximum, one can conclude that the third method of evaluation of the small signal gain coefficient and the dissipative losses of three-level microchip lasers is accurate enough and can be applied to such type of lasers.
